Surface energetics and snow ablation were examined during the 1999 snowmelt season in a mountain subarctic tundra valley in the Yukon Territory of Canada. Considerations of melt energetics at small scales were made with respect to the frame of reference of the sloping surface snowpack. During relatively warm and sunny conditions early in melt, snow ablation rates were dramatically higher on the south-facing slope and strongly reduced on the north-facing slope, compared to the valley bottom. Negative spatial covariances developed between maximum snow accumulation and ablation rate during early and middle melt, with the highest ablation rates occurring on slopes with the shallowest snowpacks. Atmospheric conditions were sufficiently well mixed across the valley that reference level air temperatures and humidity among the slopes were close to levels of measurement accuracy. However, under high levels of April insolation, notable differences in incoming solar radiation to varying slopes/aspects caused relatively larger differences in net radiation and surface temperature, which were progressively magnified as shrubs and soil became exposed during snow ablation. Under cloudier conditions later in melt, the south-facing snowpack had mostly ablated, vegetation was exposed at all sites, and ablation rates were virtually identical between the valley bottom and north-facing slope. Driven primarily by initial differences in insolation and snow accumulation, surface energy fluxes changed sign and magnitude over space, not only with insolation, vegetation cover, slope, and aspect, but also with the snow cover state and ground/ vegetation exposure. Melt rate was, hence, controlled by both incoming energy and evolving and initial snow states. For these reasons, and because of the slope-based frame of reference necessary to precisely define the snowmelt energy balance, simple aggregate representations of melt in subarctic mountain environments that are based on averaged energy flux, snow state, and flat-plane conceptions may require substantive corrections that should be explored in modeling studies.
Introduction
The processes governing snowmelt energetics have been most fully considered for idealized ''plane'' surfaces that meet the uniform, level fetch requirements for steady-state atmospheric boundary layer development and for straightforward radiation fluxes as a function of solar angle and latitude (e.g., Male and Granger 1981; Granger and Gray 1990) . Refinements to these considerations included the calculation of incoming direct and diffuse shortwave radiation on slopes (Garnier and Ohmura 1968; Dozier 1980; Munro and Young 1982) , calculation of longwave fluxes from neighboring slopes (Olyphant 1986; Plüss and Ohmura 1997) , and consideration of the effects of vegetation on radiative transfer (Pomeroy and Dion 1996; Hardy et al. 1997; Link and Marks 1999) . Recent progress has considered the important effect of discontinuous snow cover on advection of energy from bare ground or vegetation to snow (Shook 1995; Marsh and Pomeroy 1996; 
et Liston 1995 , Essery 1997 Neumann and Marsh 1998; Batchvarova et al. 2001 ), but has still employed level-terrain assumptions.
Most models of snow energetics, snow hydrology, and snow-atmosphere interactions employ the uniform planar snow cover assumption with the most sophisticated distributed models now including modifications for radiation based on solar angle, slope, aspect, and sky-view (e.g., Marks et al. 1999 ) snow cover depletion curves in complex terrain (Luce et al. 1999) , and for advection (e.g., Shook 1995; Essery 1997) . Tiled land surface schemes for global and regional climate models currently operate for level surfaces only [e.g., Modular Sensor System II (MOSES II); Essery et al. 2003 ; WAT-CLASS; Soulis et al. 2000] .
In considering the usefulness of snowmelt calculations for hydrology, it is important to realize that hillslopes form the most critical and distinctive part of the catchment contributing area. Hillslopes are hydrologically important because they are well drained and often feed directly to streams and lakes. During snowmelt on tundra they are particularly important because valleyside snow drifts provide an inordinately large proportion of basin snow accumulation (Woo and Marsh 1978) and contribute to streamflow generation for an extended period after other landscape types have become depleted of snow (Marsh and Pomeroy 1996; Quinton and Marsh 1998) . The influence of slope and aspect are very important for hillslope snowmelt calculations because they affect the snow accumulation, snowmelt energetics, resulting meltwater fluxes, and runoff contributing area (Carey and Woo 1998) . The impact of slope and aspect on the energetics of snowmelt may need to be considered comprehensively with snow accumulation and snow cover state for a discrete slope within a landscape type because the energy and mass balance processes are coupled through the evolving state of the snow-covered and non-snow-covered surfaces. The variability in the microclimate of these slopes and of the atmospheric exchange occurring on slopes is of interest to better understand and describe land-snow-atmosphere interactions during snowmelt. Critical parameters to consider are the spatial variability of snow mass and components of the energy equation for snowmelt, and the association between these terms.
Focusing on terrain of varying slope and vegetation in subarctic Canada, the goals of this paper, regarding subarctic mountain terrain, are to 1) reexamine the conceptual problems of applying snowmelt calculations to slopes, 2) determine whether slope-specific atmospheric forcing parameters are sufficiently similar to be lumped together for purposes such as calculating melt on slopes of varying orientation but similar elevation, 3) demonstrate the variability in measured energy fluxes during melt, 4) demonstrate the variability of snow ablation rates with respect to the surface energy fluxes, and 5) discuss features that might confound the upscaled calculation of snowmelt fluxes.
Conceptual basis for snowmelt on hillslopes
Snowmelt energetics for shallow snowpacks at small or point scales are classically considered with reference to a control volume consisting of a unit area of snow cover (Male 1980) . Examination of snowmelt energetics proceeds from the energy equation for melt, a consideration of the snow mass available to melt, and inclusion of accumulation processes that may still be occurring during melt. The energy equation for the flux of snowmelt from a unit area of snowpack can then be expressed as , and U is internal energy to the snowpack, changing over time t. The directions of these fluxes, when positive, are shown in Fig. 1 and follow standard climatological convention. The snowmelt energy flux can be related to the rate of snow ablation, dM/dt, where M is the dry snow mass (kg m Ϫ2 ), by
where Q F is the energy associated with freezing of liquid in the snowpack, L f is the latent heat of fusion, L s is the latent heat of sublimation (both J kg Ϫ1 ), p is the precipitation rate (kg m Ϫ2 s Ϫ1 ), and ١ · T is the divergence of the horizontal transport rate of blowing snow, T (kg m Ϫ1 s Ϫ1 ). The mass, d, of deposited snow and rain is equal to precipitation minus blowing snow erosion (p Ϫ ١ · T). Note that the traditionally defined snow water equivalent, SWE (mm or kg m Ϫ2 ), is the sum of both solid, M, and liquid phases in the snowpack, and that dM/dt can be related to elution from the snowpack by calculating percolation and water storage within the pack. Melt from cold snowpacks can proceed at the surface and meltwaters drain from the pack through preferential flow paths, before isothermal conditions are established (Marsh and Pomeroy 1996) ; hence, dU/dt need not be zero for Q M to be positive. Similarly, refreezing of meltwaters or freezing of rain can occur during melt into a cold snowpack (Marsh and Woo 1984) On a hillslope, the control volume of snow cover and boundary fluxes require reexamination as to their definitions and frame of reference. When a snowpack slopes, apart from drainage and snowfall, gravity has very little direct influence on snowmelt processes. Considering the energetics with respect to a hypothetical plane that is normal to gravity distorts reality, adds unnecessary complexity, and tempts imprecision. The control volume can be oriented along the slope and the fluxes can be more easily defined as normal to a plane that averages that of the snow surface, which parallels the slope (Fig. 1) . It is argued that the turbulent and conductive fluxes are only defined with respect to the actual plane of the sloping snow surface in any case. These fluxes will differ from ''areal'' fluxes and, hence, will at least need to be multiplied by a simple slope upscaling parameter, cos(), where, is the slope angle. This correction is not insignificant; for a 45Њ slope, it results in a 30% reduction in flux. In the case of mesoscale circulations and advection in mountain terrain, it may be very difficult to relate even these corrected fluxes to larger-scale aggregated vertical turbulent fluxes. Presuming a simple correction is adequate for now, Eqs. (1) and (2) become
where () denotes a flux defined normal to the slope angle above the horizon, , or mass per unit slope area. Note that K↓ is now controlled by slope () and aspect (A), as well as solar angle above a level plane normal to gravity. This transformation can be accommodated in energy balance snowmelt models; calculations of T s , Q E , Q H , Q G , U, and T remain unchanged from the levelterrain case because they are oriented to the near-surface boundary layer flow and ground surface slope, rather than gravity. Precipitation flux p and, therefore, Q d also need to be adjusted for the control volume orientation and for the effect of wind speed, direction, and terminal fall velocity on the falling meteor vector with respect to the slope. This is not a trivial calculation, but in all but the most severe winds in mountain topography, the effects are expected to be negligible. If incoming longwave radiation is isotropic, then L↓ can be calculated from the sky-view portion, using digital elevation model-based techniques (e.g., Marks et al. 1999) . In relatively simple ''mild'' mountain topography, K↓ can be found using geometrical techniques outlined most explicitly for this situation by Garnier and Ohmura (1968) , and Munro and Young (1982) ; where multiple reflections and limited sky views become important, then digital elevation model based techniques should be applied (e.g., Dubayah 1992).
Energetics of snow-covered hillslopes
The energy and atmospheric exchanges to snow-covered hillslopes must be considered somewhat differently from that of continuous snow because the hillslope may contain a mixed surface of snow, bare ground, shrubs, rocks, ponded water, trees, etc. Harding and Pomeroy (1996) , Taylor et al. (1998) , Woo and Giesbrecht (2000) , and Gryning et al. (2001) discuss the difficulties in describing aggregate energy fluxes for such heterogeneous vegetation-snow surfaces. The control volume corresponding to the slope or landscape segment energy balance should fully contain the essential features of this mixed surface (Fig. 2) . To contain small-scale advective fluxes, the top of the control volume can be presumed to be at a well-mixed height in the atmosphere where uniform boundary conditions are assumed (Claussen 1991) . Measurements by Shook (1995) of air temperatures above snow patches suggest that for typical patchy melting snow and vegetation, the height at which air temperatures become well mixed is on the order of 1 m or less above the effective surface. Atmospheric, conductive, and radiative fluxes to such a control volume can be defined as ''areally averaged'' over the mixture of surfaces defined on the slope. Exceptions are the internal fluxes, such as Q M , dU/dt, and dS/dt (change in energy in nonsnow surface features), which only apply to their respective areas of either snow or nonsnow.
To the melt flux within this control volume, the snowcovered fractional area, f s , becomes a critical and dynamic factor, because f s declines as ablation proceeds (Luce et al. 1999) . Presuming insignificant downwind divergence of convective fluxes over the scale of a hillslope, the energy balance of a slope-oriented control volume of surface and lower atmosphere on a snow-covered hillslope (Fig. 2 ) may be described as
dt where Q* is the net all-wave radiation flux to the surface, Q M remains the energy applied to melt per unit area of snow, and S is the heat storage in nonsnow surface features (rocks, branches, needles, stems). Their internal partitioning might be approximated for some conditions by f s , however, the convective interaction between snow and snow-free surfaces is quite complex (Shook 1995; Liston 1995; Essery 1997; Marsh et al. 1997; Neumann and Marsh 1998; Granger et al. 2002) . Radiative transfer between snow and sparse woodlands has undergone examination and description (Giesbrecht and Woo 2000) , but the case of shrubs has not been fully considered. The areally averaged ablation, dM/dt, upscaled to a flat plane, becomes
·
It should be noted that, almost invariably, field measurements of convective fluxes, using eddy correlation flux devices, and radiative fluxes, using hemispherical radiometers, measure the energy and mass flux terms at the small, yet internally heterogeneous scale of Eq. (5), rather than the point scale of Eqs. (1)- (4). Except on perfectly level plains, use of the leveling bubble, commonly fixed to commercial radiometers, snow depth gauges, and eddy correlation units, results in an orientation with respect to gravity rather than to local topographic slope. The temptation to use the bubble as directed in the manual is, perhaps, yielded to quite often. In contrast to the larger-scale measurements of eddy correlation anemometers and radiometers, snow lysimeters (weighing or ultrasonic) at a point measure a mass change that corresponds to the phase change
· T less water storage in the snowpack, but is often mistaken for the upscaled transformation of interest to hydrologists, dM/dt.
Site and observations
As part of the Mackenize Global Energy and Water Cycle Experiment, half-hourly averaged measurements of air temperature, relative humidity, wind speed, surface temperature, snowpack temperature, snow depth, ground heat flux, sensible heat flux, latent heat flux, and net radiation were made on a north-facing 17.5Њ slope, a south-facing 13Њ slope, and a level valley bottom in the Granger subcatchment of the Wolf Creek Research basin (Pomeroy and Granger 1999) near Whitehorse, Yukon Territory, Canada, during the spring ablation period in 1999 ( Fig. 3 ; general map, site map, and oblique aerial photograph in late May). The sites had relatively consistent vegetation cover, slope angle, and aspect surrounding the stations for roughly 100 m in most directions. All sites were shrub tundra, with a patchy cover of willow/birch/alder shrubs at heights from 0.5 to 1.5 m, with greatest heights in the valley bottom and northfacing slope. Instruments were mounted 1.5-2.0 m above the top of vegetation, and oriented such that fluxes and snow depth were measured normal to the slope and aspect at the station ( Fig. 4 ; sketch of station configuration, photo of valley bottom station). Turbulent fluxes and wind speed were measured using Campbell Scientific CSAT3 three-axis sonic anemometers, coupled with fine-wire thermocouples and Krypton hygrometers. The sonic anemometer heads were physically rotated so that the wind speed w was closest to zero for a range of wind directions. In essence, the vertical axis was normal to the slope. While crude, this technique provided quite small divergences in the w direction (typical mean w Ͻ 0.1 m s Ϫ1 ) and avoided the controversial postprocessing rotation of axes that may miss largerscale convective cells. Diagnostics recorded from the CSAT3 suggest that the data quality from the slope stations is no worse than from measurements found on level plains (Pomeroy and Essery 1999) . Net radiation was measured with Radiation Energy Balance Systems Q7 aspirated radiometers, again oriented to measure fluxes normal to the slope. Air temperature and humidity were measured with Vaisala HMP35CF hygrothermometers in Gill Instruments radiation shields. Surface temperature was measured with Everest Interscience infrared thermometers, measuring ellipses of approximately 2 m ϫ 3 m, which normally included shrubs and snow, and, as ablation proceeded, bare ground. Snow depth was measured with a Campbell Scientific SR50 ultrasonic sounder, oriented normal to the slope. Ground heat flux was measured with Radiation Energy Balance Systems heat flux plates, installed normal to the slope. The stations were activated during a relatively early melt period, with isothermal conditions on the south-facing slope (valley-bottom and north-facing slope snow was still dry and cold), and were controlled by Campbell Scientific 23X dataloggers powered by solar panels.
Micrometeorological observations were supplemented by long (660 m) snow surveys of depth and density taken throughout late winter at monthly intervals. Before April, depths were measured every 5 m and densities every 25 m; during melt this interval was reduced to 1 and 5 m, respectively, along the identical transect. The snow survey line crossed the valley from north to south near the stations and provided good areal measures of accumulation, ablation, and their variation. Digital photographs of snow-covered area of the central portion of the snow surveys, including the meteorological stations, were taken from opposite slopes, providing an additional areal snow cover measurement. Snow-covered area was calculated from the ratio of snow pixels to total land pixels using Jandel Scientific ''Mocha'' image analysis software with the threshold between snow and nonsnow set by the judgement of the user for each image by visually comparing the histogram of pixel brightness to the snow-covered area mask and to the image.
Results and discussion
a. Ablation Figure 5a shows the evolution of areal mean SWE [calculated from depth and density measurements, as per Pomeroy and Gray (1995) ] on the two slopes, valley bottom, and the transect as a whole. From similar snow accumulation in late January, there developed a substantial divergence, with peak accumulation on the north face almost double that on the south by March. This is attributed to the formation in late winter of a substantial snowdrift on the north face. Interestingly, while snow on all slopes underwent some ablation in the early April melt, the north face and valley bottom subsequently accumulated snow while the south face continued to steadily ablate; again, blowing snow was preferentially deposited, primarily to the north face and secondarily to the valley bottom. It was also noted that the valleybottom snowpacks later in melt were ''dripping'' wet, and had received visually observed runoff water from upslope sources. As a result, valley-bottom densities rose steadily during melt and remained high (Ͼ350 kg m Ϫ3 ) through most of melt. By early May, accumulations on the north face were 5 times greater than that remaining on the south face, with the valley-bottom accumulation midway between that of the slopes. Figure 5b uses the same snow transect measurements of Fig. 5a to calculate the cumulative change in snow mass from late winter through to the completion of melt. There is no net ablation on either the north face or valley bottom until more than 15 days after ablation started on the south face. The valley bottom is not a good indicator of the mean mass change over complex terrain at any one time; early in melt the negligible ablation on the valley bottom is similar to that of the north face and later in melt, valley-bottom ablation accelerates to rates more typical of the south face. Transect mean mass change over the entire melt period is similar to that for the valley bottom because snow accumulations were similar, but rates of mass change show large and unstable differences over the melt period. This suggests that any estimates of ablation that successfully duplicate ablation for the level terrain in the valley bottom would have considerable difficulty in capturing the average melt rates for the aggregated valley and slopes.
The decline and divergence in SWE among slopes is matched to some degree by the decline in snow-covered area ( f s ). Measurements using digital photographs show that apparent f s declined from 90% and 60% on the north and south faces, respectively, on 20 April [Julian day (JD) 110], to 88% and 35% on 10 May (JD 130), and 60% and 1% by 26 May (JD 146) (Fig. 6) . The north-face snow coverage did not decline below 80% until 12 May (JD 132) after which time there was a notable decline in its f s and, presumably, an increase in the advected energy term.
For early and middle melt, measured ablation is controlled by melt energy rather than snow supply, and so the two variables are expected to be independent. The relationship between ablation rate and maximum (seasonal) snow accumulation, as measured on the slopescale snow survey transects, is examined in Fig. 7 , and instead shows a notable decline in ablation rate with increasing maximum accumulation for both early and middle melt periods. Spatial associations between melt and accumulation were observed at small scales in forests by Faria et al. (2000) and were found to change areal melt and snow cover depletion rates (Pomeroy et al. 2001) . The negative association between ablation and accumulation can be fitted to a linear relationship with an r 2 of 0.72 and an intercept suggesting a maximum melt rate approaching 4.2 mm day Ϫ1 , as snow accumulation approaches zero, and no ablation for snow accumulation in excess of 250 mm. Using areal mean values to calculate the time to complete melt (mean maximum snow water equivalent divided by the mean melt rate) would result in substantial errors, given this linear relationship. The covariance between initial snow accumulation and the inverse of melt rate is 26 days; this is the delay in time required for depletion of the mean maximum snow accumulation, as caused by the negative spatial covariance between accumulation and ablation. Aggregate representations of melt and depletion that rely on mean values and ignore this effect would presumably be in error by similar amounts. It should be noted, however, that a covariance of this form is perhaps somewhat unique to this valley; prevailing northward winds during snow redistribution and eastwest orientation provide snowdrifts on the north-facing slopes and high insolation to the south-facing slopes. Other topographic orientations and blowing snow regimes might develop quite different spatial associations between ablation and accumulation.
The rate of snow ablation at a point (meteorological stations) was estimated using the change in depth recorded by half-hourly ultrasonic measurements of snow depth and using snow density measured nearby (daily) and interpolated to provide half-hourly estimates of SWE. Measurements of depth with the ultrasonic sounder were made normal to the slope and when converted to SWE, using density, approximated the definition of
apart from the contribution of the liquid phase of the snowpack. The SWE record at the stations is shown in Fig. 8a for the whole melt period. The south-face station underwent complete ablation early in melt on 26 April (JD 116), due to shallow initial snow accumulation and rapid melt. A later, slower melt period occurred from 7 May (JD 127) onward, after the south-facing slope was largely snow free near the mast. For this reason, most attention will be paid to the early melt period, because three-way comparisons can be made on 17-24 April (JD 107-113). The late melt 7 May-1 June (JD 127-152) will be discussed later.
Cumulative ablation is shown for the early melt period in Fig. 8b . This result is instructive because it shows that in the first 2 days of active melt (until snow supply on the south face is consumed), the rate of ablation on the south face was 3 times higher than either the northface or valley bottom. Though in the first 2 days of melt, ablation at the valley-bottom and north-face stations were roughly equal; over the course of 7 days, the ablation at the valley bottom was roughly twice that at the north face (with no snow supply limitation in either case). The largest differences in cumulative ablation developed once the valley-bottom snowpack became isothermal, at 1930 LST 21 April (JD 111); in contrast, the north-face snowpack never warmed above Ϫ0.2ЊC at the base during this period.
b. Small-scale variation in micrometeorology during melt
Given the large differences in ablation rates, the differences among sites in the driving micrometeorological variables for the snowmelt mass and energy balance bears investigation. These variables were compared for the short, intensive melt period for which all sites had snow cover. The variables measured are not indicative of completely snow-covered conditions, but of mean atmospheric and surface conditions over a mixture of snow and bushes, and on the south face, bare ground. Early in this sequence, all sites are predominantly snow covered, and later only the valley bottom and north face are snow covered. Figure 9 shows time series and comparative plots of wind speed (2 m), air temperature (2 m), relative humidity (2 m), and surface temperature (areal average from infrared detector) from the three stations. The means are shown in Table 1 . Mean air temperature differences among the sites were less than 0.9ЊC and mean relative humidities were virtually identical (suggesting nearly identical water vapor densities); however, wind speeds on the south face were 30% higher than in the valley bottom, and were 15% higher than on the north face. These results suggest that the atmosphere over melting snow was well mixed at this scale (exceptions being nighttime inversions). Wind speed suggests a more substantial variability; interestingly, the location of highest wind speed coincides with that of the lowest snow accumulation and most rapid ablation. Surface temperature varied substantially among the sites, the south face being positive on average and over 5ЊC warmer than the north face. Both valley-bottom and north-face means remained below freezing. Differences were greatest at midday, when the snow-dominated north-face surface was restrained by phase change to 0ЊC, while the bushier valley bottom peaked at 5ЊC and the bare ground and shrub-exposed south face peaked in excess of 20ЊC (Fig. 9) .
Incoming shortwave radiation to the surface was measured at the valley-bottom site and modeled as a flux to the snowpack control volumes on the slope sites using procedures outlined by Garnier and Ohmura (1968) , Munro and Young (1982) , Ranzi and Rosso (1991) , and Allen and Walsh (1993) . Atmospheric transmissivity was estimated using parameters measured by Male and Granger (1981) . Comparing actual incoming solar radiation to theoretical values for the location separated direct and diffuse radiation to the valley bottom. These components were then recalculated as fluxes to the slopes concerned using geometrical corrections and combined to produce incoming shortwave fluxes to the sloping surfaces (Fig. 10 ). There were substantial differences in shortwave fluxes to the surfaces on clear days (e.g., 17-19 April; JD 107-109) with a midday peak of 80% more radiation to the south-facing than to the north-facing slope, and a peak of 24% more radiation to the south-facing slope than to the valley bottom. On relatively cloudy days (e.g., 22 April; JD 112), the differences were muted with a peak of no more than 8% more radiation to the south-facing, compared to the north-facing slope. Over this period, cumulative shortwave fluxes were 27% higher to the south-facing slope than to the north-facing slope, but only 10% higher than to the valley bottom (Table 1) .
c. Small-scale variation in energy flux terms
It was not possible to directly measure the energy fluxes specific to snow surfaces, as defined in Eqs. (1)- (4), because each measured surface was a mixture of snow, vegetation, and bare soil. The upwind mixture influenced measurements at the station, and changed with wind direction, speed, and atmospheric stability. However, the measured fluxes of net radiation, sensible heat, latent heat, and ground heat represented the definitions of Eq. (5) reasonably well, and it is possible to discuss differences in surface energetics during snowmelt. Figure 11 shows half-hour averages of measured fluxes of net radiation, ground heat flux, sensible heat, latent heat, and a residual energy term 
change in internal energy, surface heat storage, and latent heat of fusion associated with snowmelt. For convenience, this last term will be called ''residual energy.'' Figure 12 shows daily averages of the fluxes shown in Fig. 11 . There was a large difference in net radiation to the three stations during daylight, with peak daily values to the south-facing slope almost double that to the valley bottom and 4 times the peak to the north face.
Over 17-19 April (JD 107-109), there was an increase of 100 W m Ϫ2 day Ϫ1 in peak daytime net radiation to the south face, despite almost identical incoming solar radiation (Fig. 10 ) and meteorological conditions (Fig.  9) . Mean daily net radiation more than doubled from 60 W m Ϫ2 on 17 April (JD 107) to 135 W m Ϫ2 on 19 April (JD 109) at the south face, while increasing from 50 to only 70 W m Ϫ2 at the valley bottom, and becoming FIG. 11. (Continued ) slightly more negative (Ϫ30 to Ϫ55 W m Ϫ2 ) at the north face over the same period. Rapid ablation occurred on the south face over [17] [18] [19] (Fig. 8) , which resulted in a south-facing slope snow-covered area of 60% by 20 April (JD 110). In contrast, the northface snowpack covered not only ground but also most vegetation, and the valley bottom had some shrub vegetation exposed above a still continuous snow cover. Nighttime net radiation values were very similar to each other, suggesting that the effects of varying sky view and orientation on net longwave exchange were negligible. Aspect, slope, and exposed vegetation/ground had a strong effect on daily net radiation, which fluctuated between negative (Ϫ55 W m Ϫ2 ) to slightly positive (10 W m Ϫ2 ) fluxes to the north-facing slope, while ranging from 15 to 145 W m Ϫ2 to the valley bottom and southfacing slope.
Short-term and daily ground heat fluxes were negligible at all sites, except for the south face where some large peaks (Ͼ80 W m Ϫ2 ) occurred toward the end of the high net radiation warm period on 20-21 April . A subsequent smaller return of heat from the ground (Ϫ10 to Ϫ20 W m Ϫ2 ) occurred during the later cooler period (Figs. 11 and 12 ). The daily mean ground heat flux on these days was equivalent to the sensible heat flux and may have been associated with the downward migration of percolating meltwater and soil thawing past the heat flux plates and subsequent refreezing (Pomeroy et al. 1998) . Latent heat fluxes tracked closely to each other, with relatively small afternoon positive peaks except for some exceptionally high evaporation events on 21 and 23 April (JD 111 and 113) at the south face. These events may have been due to associated high wind speeds on this windward slope (Ͼ8 m s Ϫ1 ), undersaturation (50% RH), and air temperatures near 0ЊC. Other sites sustained wind speeds less than 3 m s Ϫ1 on this day. One significantly negative latent heat event, a peak of Ϫ28 W m Ϫ2 , indicating condensation, occurred on the evening of 22-23 April , is associated with high humidity and evening air and surface temperatures well below freezing. Daily mean latent heat fluxes remained small and positive at all sites (Ͻ20 W m Ϫ2 ), and increased slightly through the period. Sensible heat fluxes from the valley bottom and south face were almost identical during the cloudy cool period of 21-23 April , but earlier in the melt sequence, the peak sensible heat fluxes from the valley bottom were twice that from the south-facing slope. This contrasted sharply with sensible heat from the north face, which remained negative or only slightly positive-the divergence associated with the dominating effect of snow cover on its surface temperature versus an exposed shrub canopy affecting the valley-bottom ''surface'' temperature (Fig. 9) . Daily mean sensible heat was initially negative (Ϫ10 W m Ϫ2 ) but became positive from the valley bottom (32 W m Ϫ2 ) and south-facing slope (28 W m Ϫ2 ), while remaining negative from the north-facing slope (Ϫ10 W m Ϫ2 ).
Melt, and internal and heat storage (residual) energy fluxes were positive during the day, and slightly negative at night with large peak positive values on the south face early in melt. The south-face peaks were over twice the magnitude of those found at the valley bottom on sunny 19 April (JD 109), while the north face was likely cooling. Partly cloud-covered 20-21 April (JD 110-111) had smaller site differences in residual energy, but the greatest residual energy flux remained at the south face, followed by the valley bottom and north face. Cloudy 22 April (JD 112) sustained negative residual energy on the north face and relatively small values on the south face and valley bottom. Daily mean residual energy values were large and positive on the south face, peaking at 100 W m Ϫ2 on 19 April (JD 109), but fluctuated between slightly negative (Ϫ25 W m Ϫ2 ) and positive (35 W m Ϫ2 ) values at the valley bottom and north-facing slope.
Synthesis
Ablation proceeded in two distinct periods: an early rapid melt associated with clear skies and warm air temperatures in April and a slower later melt in May. Much of the south-facing slope became snow free in April and experienced a dramatic change in its energetics associated with the reduction in snow cover. In contrast, the valley-bottom site sustained its surface state of shrub over snow through mid-May, and the north-facing slope remained predominately a snow surface with sparse shrubs until dense shrubs and bare ground became exposed in late May. Ablation rates were strongly stratified in the early melt period, with south-face ablation over 3 times that on the valley bottom, which itself underwent ablation double the rate of the north-facing slope. In contrast, the decline in SWE at the valley bottom and north-facing slope were nearly identical in late melt. A spatial covariance between accumulation and melt in on the slopes and valley bottom developed from these varying melt rates and introduces a complication in using areal means of accumulation and melt rate to characterize aggregate snow depletion across the sites. An understanding of the cause of varying ablation rates can be derived from examining the atmosphere and energetics over the slopes.
In early melt, the atmosphere over these melting surfaces was well mixed with only minor differences in air temperature and humidity. Wind speeds on the predominately windward south-facing slope and leeward northfacing slope were, respectively, 30% and 15% higher than in the sheltered valley bottom. Incoming solar radiation on sunny days was substantially different, however, with estimated daily peaks 80% higher to the south face than to the north-facing slope, though daily total receipts were only 26% higher. On cloudy days, the differences were small, showing that cloudiness plays a dominant role driving the spatial variability of melt. Surface thermal conditions varied strongly with highest peak temperatures (near 20ЊC) on the south face of mixed soil, snow, and shrub surfaces while the snowdominated north face never exceeded 0ЊC.
Net energy fluxes to the surfaces in early melt differed substantially over space, the difference evolving during the course of melt. Daily net radiation was strongly positive to the south-facing and valley-bottom sites, but negative to the north face, with only short periods during late day when net radiation fluxes became slightly positive to the north face. On sunny days when the snowcovered area was greater than 60% on the south face, daily mean net radiation was only 32% higher than to the valley bottom, roughly proportional to the difference in insolation, but as depletion and vegetation exposure progressed this difference increased to 98% under similar sunny conditions. Hence, not only were there radiative fluxes of differing signs, but their relative values changed dramatically day by day in response to changing snowpack state. When sites were dominated by snow then daily sensible heat fluxes were downward to the snowpack (negative), and at the north face were well matched by opposing upward latent heat fluxes. As vegetation and soil heated up on the south face and valley bottom, daily sensible heat changed direction and became 3-10 times larger in magnitude. Latent heat did not match this change and remained small and positive, indicating small amounts of surface sublimation or evaporation, ranging 0.2-0.3 mm day Ϫ1 . It would seem that the initial impact of varying insolation to slopes on net radiation and melt energetics was magnified by exposure of vegetation and bare ground as snow became shallow. This is borne out by the increasing difference in net radiation, as melt progressed from JD 107-111 despite decreasing differences in insolation as cloudiness increased, and by the slopescale observation of greater ablation rate to shallower snow. The net effect is expected to substantially complicate aggregated calculations of ablation and depletion for these slopes and add uncertainty to larger-scale representations of melt.
Conclusions
This small-scale study has shown dramatic differences in energetics and rates of snow ablation over roughly similar shrub-tundra surfaces that are associated with varying slope and aspect. Within this transect of almost 700 m, it was possible to find the range of snow ablation rates and snow-covered area states that one might expect in a north-south transect of the entire Mackenzie River basin. The effect of slope and aspect on areal energetics was likely exacerbated by the progressive exposure of shrub. Shrub exposure and associated albedo decay during melt may have contributed to the dramatic ablation of the south-facing slope over a few sunny days in April, a snow depletion that was not matched by the less sun-exposed surfaces until 5
more weeks had passed. This mechanism requires further examination.
Because surface energy fluxes changed sign and magnitude with slope, aspect and time over the course of melt, and because a negative covariance between slopescale initial accumulation and ablation developed, the accuracy of areal snowmelt representations based on simple average flat-plane energetics and depletion is uncertain. It is suggested that improved formulations might be based on the relative prevalence of various slope/ aspect/vegetation types and their distinctive sequences of energetics, snow-covered state and ablation. As Gray et al. (2001) pointed out for scaling infiltration to frozen soils, the biophysical landscape stratifications suggested by Pomeroy and Gray (1995) and others for snow accumulation may be useful in stratifying the small-scale variability of melt. This has already been demonstrated in more southerly mountains by Williams and Tarboton (1999) . The reconsiderations of melt descriptions for slopes presented here, suggest that such aggregations of sloped surfaces should consider the energetics with respect to the frame of reference of the sloping surface snowpack and its energy fluxes, and use geometric corrections to correct when aggregating by summation to a level-plane frame of reference. Atmospheric interactions between the slopes were not examined in this study and bear further examination.
